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Abstract- PROBLEM TO BE SOLVED. To provide a metliod for depositing and 
etching a dielectric layer, where a dielectric constant is low and etching speed changes 
3 .1, for forming horizontal mutual interconnects. 

SOLUTION Quantity of carbon or hydrogen in a dielectric layer fluctuates due to the 
change in deposition condition for installing an etching stop layer or a low k dielectnc 
in the application of damascene, which can be substituted for the former d.electr.c layer 
Dual- damascene structure having a dielectric layer whose dielectric constant is not less 
than which is lower than about 4, can execute deposition in the single reactor and is 
etched so that vertical or horizontal intercomiects by making the concentration of 
carbon; oxygen gas such as carbon monoxide fluctuate. Etching gas for formmg the 
vertical mutual interconnections comprises CO and a fluorocarbon, and CO gas is 
preferably removed from etching gas for forming the horizontal interconnects. 
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1 Title «f Invtnticn 



INTEGRATED LOW K DIELECTRICS AND ETCH STOPS 

2 Clitn! 

1. A process for depositing and rtching intennetal dielectric Isyen, comprising: 
depositing a fiist dideciric layer having a dielectric constant less than about 4.0; 
depositing a second dielectric layer having a dielectric constant less than about 4.0 on 

the first dielectric layer; and 

etching *c second dielectric layer under conditions wherein the second dielectric 
layer has an etch rate that is at least about three times greater than an etch rate for the finrt 
dielectric layer. 

2. The process of claim 1 , wherein the first dielectric layer coniprises silicon, oxygen, 
and at least about 5% carbon by atomic weight, and the second dielectric layer comprises 
silicon, oxygen, and less than about two-thirds of the cabon contained in the first dielectric 
layer. 

3. nic process of claim 2, wherein the first didectric Uorer is etched to form vertical 
inteKonnects with a first gas mixture comprising one or more Quorocaibon compounds and 
one or more carbon:oxygen compounds, and the second dielectric layer is etched to fonn 
horizontal interconnects with a second gas mixture comprising one or more fluorocaAon 
compounds and essentially no caibon:oxygen con^»undB. 

4. The process of clahn 3. wherein the caihon:oxygMi compound is carbon monoxide. 

5. Tht process of claim 1. wherein the first dielectric layer comprises silicon, axygm. 
carbon, and at least 1% hydrogen by atomic weight, and the second dielectric layer comprises 
silicon, oxygen, carbon, and less than one-fifth of the hydrogen cont^ned in the first 
dielectric layer- 



6. 



The process of claim 5, wherein the first dielectric layer is etched to fonn vertical 
interconnects with a first gas mixture comprising one or more fluorocarbon compounds and 
one or mo« carbomoxygen compounds, and the second dielectric layer is etched to fi.rm 
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horizontal interconnects with a second gas mixture comprising one or more fluorocarbon 
compounds and essential Jy no carbon: oxygen compotinds. 

7. The process of claim 6, wherein the carbonroxygen compound is carbon monoxide. 

8. The process of claim I . wherein the first and second dielectric layers arc depoated by 
oxidizing an organosilicon compound. 

9. The process of claim 8» wherein the organosiiicon compound is mcthylsilane or 
trimethyisiloxane. 

10. The process of claim 1, wherein the first dielectric layer is deposited on a third 
dielectric layer having a dielectric constant less than about 4.0. 

11. A dual danoascene process for depositing intermetal dielectric layers, comprising: 
depositing a fir^t dielectric layer having a dielecbic constant less than about 4 by 

oxidising a first organosiiicon compotmd; 

depositing a second dielectric layer having a dielectric constant less than about 4 on 
the first dielectric layer by oxidi2ing a second organocilicon compound; 

depositing a third dielectric layer having a dielectric constant less than about 4 on the 
second dielectric layer by oxidizing a third organosihcon compound; 

etching the first and second dielectric layers to form vertical interconnects; and 

etching the third dielectric layer to form horizontal interconnects under conditions 
wherein the third dielectric layer has an etch rate that is at least about three times greater than 
an etch rate for the second dielectric layer. 

12. The process of claim 1 1, wherein the first, second, and third organosiiicon compounds 
are the same compound. 

13. The process of claim 12, wherein the organosiiicon compotmds aie selected fiom a 
group corisisting of methylsilane and trimethyisiloxane. 
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14. The process of claim 12, wherein the second dielectric layer comprises silicon, 
oxygen, ai least 5% carbon by atomic weight, and at least 1% hydrogen by atomic weight, 
and wherein the firsi and thiid dielectric layers comprise silicon, oxygen, less than two-thiids 
of the carbon in the second dielectric layer, and less than one-fifth of the hydrogen in the 
second dielectric layer. 

15. The process of claim 1 2, wherein: 

the second dielectric layer is etched to fonn vertical interconnects with a first gas 
mixture comprising one or more fluorocarbon conopotmds and one or more carbon:oxygea 
compotmds, the first gas mixture comprising a total volimje of Ac carbon:oxygaj compounds 
thai is greater than a total volimne of the fluorocarbon compounds; and 

the third dielectric layer is etched to form horirontal interconnects with a second gas 
mixture comprising one or more fluorocarbon compounds, the second gas mixture 
comprising a toul volume of the fiuorocarbon compounds that is greater than a total volume 
of caibon:oxygen compounds. 

16. The process of claim 15, wherein the vertical interconnects are etched with gases 
containing carbon monoxide and the horizontal interconnects are ct<died with gases 
containing essentially no carbon monoxide. 

17. A process for depositing low dielectric constant layers, comprising: 

varying one or more process conditions for depositing an organosilicon compound to 
obtain first and second dielectric layers having varying silicon, oxygen, carbon, and hydrogen 
contents and dielectric constants less than about 4; and 

etching the second dielectric layer using conditions wherein the second dielectric 
layer has an etch rate that is at least 3 times greater than an etch rate for the first dielectric 
layer. 

18. The process of claim 17, wherein the first dielectric layer contains at least 5% carbon 
by atomic weight or at least 1% hydrogen by atomic weight, and wherein the second 
dielectric layCT contains less than two-ftirds of the carbon in the first silicon oxide layer or 
less flian one-fifth of the hydrogen in the first silicon oxide layer. 

19. The process of claim 18, wherein the second dielectric layer is etched to form 
horizontal interconnects with a first gas mixture comprising one or more fluorocarbons and 
essentially no carbon:oxygen compounds. 

20. The process of claim 17, further comprising: 

depositing the first dielectric layer on a third dielectric layer having silicon, oxygen, 
carbon, and hydrogen contents similar to the second dielectric layer. 

3 DeUilcd Dcsciipiicn cf iDtfcuticc 
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BACKGROUND OF THE DISCLOSURE 

Bflatfrt ApplfMttiwis 

His application is a continuation-in-part of co-pending United States Patent 
Application Nto. 09/021.788 (AMAT/2592). which was filed on February II. 1998; a 
continuation-in-part of co-pending United States Patent Application No. 09/162.915 
[AMAT/3032]. which was filed on September 29. 1998; and a continuation-in-part of co- 
pending United Sutes Patent AppUcation No. 09/189.555 [AMAT/3032.P1]. wWch was filed 
on November 4, 1998. 

The present inventian relates to flie fabrication of integrated circuits. More 
particularly, the faivention relates to a process and apparatus for depositing and etching 
dielectric layers on a substrate. 

paeltgrom id th* Invention 

Semiconductor device geometries have dramaticalbr decreased in size since such 
devices were first introduced several decades ago. Since then, integrated circuits have 
generally followed the two yearrtialf-size nile (often called Moore's Law), which means that 
the number of devices on a chip doubles every two years. Today's fabrication plants are 
routinely producing devices having 0.35jun and even O-lSnm feature sizes, and tomorrow's 
plants soon will he produdhg devices having even smaller geometries. 

In order to finther reduce the size of devices on integrated circuits, it has become 
necessary to use conductive materials having low resistivity and insulators having low 
dielecHic constants (k s 4.0) to reduce the capacitive coopUng between adjacent metal lines. 
A conductive material of interest is copper which can be deposited in submicron features by 
electrochemical deposition. Dielectric materials of interest are silicon oxides that contain 
carbon. Combination of silicon oxide materials and copper has led to new deposition methods 
for preparing vertical and horizontal interconneets since copper is not easily etched to fonn 
metal lines. Such methods include damascene or dual damascene methods depositing vertical 
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and horizontal interconnects wherein one or more dielectric materials arc deposited and 
etched to form the vertical and horizontol interconnects thai are filled with the conductive 
material. 

Dielectric layers can be deposited, etched and filled with metal in multiple steps that 
typically require frequent transfers of substrates between processing chambers dedicated to 
specific steps. Preferred methods for depositing dielectric layers include two predominant 
dual damascene methods where lines/trenches are filled concuirenlly with vias/contacts. In a 
"countcr-borc" scheme, a scries of dielectric layers are deposited on a substrate as described 
in more detail for various embodiments of die present invention. Then vertical interconnects 
such as vias/oontacts are etched through all of the layers and horizontal intetconnects such as 
lines/ticnchcs are etched through the top layers, in Ihe ahemative, the lines/trendies are 
etched in the top layers and then the vias/ocmtacts are etched through the bottom layers. A 
conductive material is then deposited in both the vertical and horizontal interconnects . 

The other predominate scheme for creating a dual damascene structure is known as a 
"self-signing contact*" (SAC) scheme. The SAC scheme is similar to the counter-bore 
scbemcp except that an etch stop layer is deposited on a bottom didectric layer and etched to 
define the vias/contacts before another dielectric layer is deposited on lop of the etch stop 
layer. The vertical and horizontal interconnects arc then etched in a single step, and 
conductive material is then deposited in both ttje vertical and horizontal interconnects. 

The counter-bore scheme docs not require an etch stop layer between the dielectnc 
layers if the upper dielectric layer can be etched using conditions that provide an etch rale for 
the upper layer that is at least about three times greater than the corresponding etch rale for 
the lower layer (te., an etch selectivity of at least about 3:1). However, the selectivity of etch 
processes for conventional low k dielectric layers is typically less than 3:1^ and etch stop 
layers that provide the desired etch selectivity arc routinely used between adjacent low k 
dielectric layers. The etch stop layers provide uniformity m the depth of horizontal 
interconnects across the surface of the substrate. The etch stop layers fiirtfier reduce micro- 
trenching such that the bottom of horizontal interconnects are flat instead of deeper at outside 
edges. The etch stop layers fiirther reduce foceting or fencing of previously etched vertical 
interconnects during etching of horizontal interconnects, wherein the edge between the 
bottom of the horizontal interconnects and the side walls of the vertical interconnects are 
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sharp instead of cither rounded (i.e., fecctcd) or raised (i.e, fenced) depending on whether the 
side walls of the vertical interconnects are exposed to etch gases or shielded from etch gases. 

Conventional etch stop layers provide the benefits just described for damascene 
a^lications, but typically have dielectric constants that are subsiantiaUy greater than 4. For 
example, silicon nitride has a dielectric constant of about 7, and deposition of such an etch 
stop layer on a low k dielectric layer results in a substantially mcreascd dielectric constant for 
the combined layers. It has also been discovered that siUcon nitride may significantly increase 
the capacitive coupling between interconnect lines, even when an otherwise low k dielectric 
material is used as the primary insulator. This may lead to crosstalk and/or resistance- 
capacitance (RC) delay that degrades the overall perfonnance of the device. 

Ideally, low k dielectric layers would be identified and etch processes would be 
defined wherein an etch selectivity for the dielectric layers is at least about 3:1 for use in 
selective etch processes such as dual danosccnc processes. Preferably* the low k dielectric 
layers that provide the desired etch selectivity could be deposited in the same chamber. 

SUMMARY OF THE INVENTION 

The present invention provides a method for etching one or more dielectric layers 
having a dielectric constant less than or equal to about 4,0 Oow k). wherein differences in 
dielectric compositions provides an etch selectivity of at least 3:1. The invention includes 
etching of dielectric layers containing silicon, oxygen, caibon. and hydrogen wherein 
differences in composition provide an etch selectivity greater than 3:1 in the absence of a 
carbon:oxygen gas» such as carbon monoxide. Addition of carbon:oxygai gases to one or 
more fiuonx^arbon gases provides fast etch rates at lower etch selectivity which can be used 
when high selectivity is not needed. At least one of the dielectric layers prefmbly has high 
carbon content (greater than about 1% by atomic weight) or high hydrogen content (greater 
than about 0.1% by ajomic weight). The caibon:oxygen gas is reduced or omitted firom etch 
gases when a seleciive etching of adjacent dielectric layers is desired, such as when forming 
horizontal intercormccts. 

The present invention fiicthcr provides an integrated method for depositing and 
etching adjacent low k dielectric maleriab with reduced transfers of a substrate between 
chambers, and with an etch selectivity between adjacent dielectric layers of at least 3:1. The 
hi^ etch selectivity provides horizontal interconnects having uniform depths and 
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substantially square comers without conventional etch stop layers. At least one dielectric 
layer contains silicon, oxygen, carbon, and hydrogen. Additional dielectric layers can be any 
dielectric layer having a dielectric constant less than about 4.0, such as produced by spin on 
depoation methods or by diemical v^xsr deposition methods. All dielectric layers are 
preferably produced by chemical vapor deposition of one or more organosilicon compounds 
using power levels, flow rates, and composition changes to control etch selectivity by 
controlling the silicoa, oxygen, carbon, and hydrogen content of the deposited materials. 

In a first preferred dual damascene embodiment, a first low k dielectric layer and a 
second low k dielectric layer are d^osited on a substrate by oxidation of one or more 
organosilicon con^ounds^ such as methylstlaoe, CHaSiH}* or trimcthylsikixane, (CH3)3-Si*0- 
Si-<C3I))3, for subsequent etching of vertical and hori2ontal interconnects. The first dielectric 
layer is an etch stop layer that contains silicon, oxygen, carbon, and hydrogen, preferably at 
least about 5% carbon by atomic weight and at least about 1% hydrogen by atomic weight 
The second dielectric layer preferably contain less than two-thirds of the carbon or less than 
one-fifth of the hydrogen contained in the second dielectric layer, more preferably less than 
one-half of the carbon or less than one-tenth of the hydrogen. The vertical and horizontal 
interconnects are then etched into ibe low k dielectric layers using fhiorocatbon gases. A 
eaxfoon:oxygen compound, such as carbon monoxide, is added to the fluorocarbon gases 
during etching of vertical interconnects, and is not used during etching of horizontal 
interconnects to obtain an etch selectivity of at least 3:1. The horizontal and vertical 
interoonnccts can then be filled with a conductive material such as copper. 

In a second preferred dual damascene embodiment, a first low k dielectric layer, a 
second low k dielectric layer» and a third low k dielectric layer are dqxusited on a substrate by 
oxidation of one or more organosiUoon compounds, such as methylsilane, CH3SiH3, or 
trimethylsiloxane, {CH3)rSi-OSi-<CH3)3, for subsequent etching of vertical and horizontal 
interconnects- The second dielectric layer is an etch stop layer and contains silicon, oxygen, 
carbon, and hydrogen, preferably at least about 5% cafbon by atomic weight and at least 
about 1% hydrogen by atomic weight The first and third dielectric layers preferably contain 
less than two-thirds of the carbon and less than one-fifth of the hydrogen contained in the 
second dielectric layer, more preferably less than one-half of tiie carbon and less than one- 
ten* of the hydrogen. The vertical and horizontal interconnects arc then etched into the low k 
dielectric layers using fiuorocartxxi gases. A carbon:oxygen compound, such as carbon 

monoxide, is added to the fluorocarbon gases during etching of vertical interconnects, and 
preferably is not used during etching of horizontal interconnects to obUin an etch selectivity 
of at least 3:1. The horizontal and vertical interconnects can then be filled with a conductive 
material such as copper. 
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DESCRIPTION OF PREPSRRED EMBODIMENTS 

The piesenl invention provides a method for etching of low k dielectric layers k 
less than or equal to about 4. preferably less flian about 3). The invention includes etching 
one or more dielectric layers, wherein difEerences in dielectric compositioos provides an rtch 
selectivity of at least 3:1. The method is ideally suited for selective etch processes such as 
Hamj»«««««a schemes that deposit conductive materials, such as top^, within inlereomiects 



formed in the tow k dielectric tayeis. In a piefcucd embodmient. Ihe invention includes 
controlling combination of a carbonxxygcn gas fluorocarbon etch gases .to control etch 
selectivity for low k dielectric layers that contain hydrogen and carbon. The invention further 
provides control over the carbon and hydrogen content of adjacent dielectric layers to obtain 
low dieleciric constants «nd an etch selectivity of at leaa. 3:1 favoring one of the dielectnc 
layen!. TTins, the low k dielectric layeis provide snfficient etch selectivity to exclude 
conventional etch stop materials having high dielectric constants, such as silicon nitride, from 
deposition and etch processes such as damascene schemes. Dielectric Uyets having low 
dielectric constants «.d low etch rates, in comparison to other dielectric layers using the same 

etch conditions as described herein, can replace or eliminate etch stop layers in many 
processes. The integrated deposition and etch meftods of the mvemion also reduce transfers 
of a substrate between chambers by allowing aU dielectric layers to be deposited in a single 

chamber prior to etching. 

Tlie method of the invention provides an integrated dual damascene process that 
inchides depositing a first low k dielectric layer that contains siUcoa. eaiboa, oxygen, and 
hydrogen. A secorrf low k dielectric layer deposited on the first low k dielectric layer 
preferably contains less than two-thirds of Ae caibon or less than one-fifth of the hydrogen 
contained in the first dielectric layer, more preferably less than one^ of the carbon and 
leas than one-tenth of the hydrogen. Both dielectric lay« can be etched, e.g., with a mixture 
of llnomcarbons and carbon:oxygen compounds such as carbon monoxide, to form vertical 
ime.coM.ects having steep sidewaUs and sharp comers. Hw dielectric layer having the lower 
carbon or hydrogen content is selectively etched, such as by reducing or eliminating the flow 
of carbon:oxygen gas. to provide a selectivity of at least 3:1 frvoring the dielectric layer 
having the lower carbon or hydrogen content 

A silicon oxide layer containing at least 1% by atomic weight of carbon or at least 
0A% by atomic weight of hydrogen is produced by spin on methods, or by chemical vapor 
df^tion of one or more organosilicon compounds using power levels, flow rates, and 
composition changes to control the caibon content and hydrogen content of the deposited 
material. Low k dielectric layers having varying carbon or hydrogen content can be deposited 
in a single chamber to provide all of the dielectric Uyeis in the dual damascene method. The 
deposited 'ielcctric layeis are then etched with gases that control passivaiing dcposhs on the 
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surfaces of etched features to provide an etch selectivity of at least 3:1 bttwea adjacent 
dielectric layers having dielectric constants less than about 4. preferably less than about 3. 

The present invention broadly includes etching of adjacent low k dielectric layers. 
The scope of the invention as claimed below is fiiUy supported by the description of the 
following prefeiTCd embodiments for etching or depositing dielectric layers that contain 
caifoon or hydrogen. 

A Fint Preferred Dual Damascene Process 

A preferred dual damascene process shown in Figs. lA-IH includes etching of two 
adjacent low k dielectric layers 10. 12 whcrdn the etch selectivity between the two layers is 
at least 3:1 ^en the etch gases contain fluorocaibon gases and substantiaHy no 
carbon:oityg«m compounds. In other words, the adjacent low k dielectric layers have different 
compositions, and the second layer 12 has an etch rate that is at least three times greater than 
the etch rate of the first layer 10 v»hcn the etch gases include a aaorocatbon gas without 
substantial amounts of a caibonxaygen gas. The first dielectric layer 10 fiinctiona as an et«* 
stop layer during etching of the second dielectric layer 12. Addition of carbomoxygen 
compoimds such as carbon monoxide to the etch gases aliens the etch rates for the dielectric 
layers 10. 12 such that both Uyeis can be eahtd without sutetantial changes in the etch gas 
composition. 

Referring to Fig. lA. a first low k dielectric layer 10 containing sabcon, oxygen, 
cartyon, and hydrogen, such as spin on low k dielectrics (doped) or a CVD layer deposited by 
oxidation of an organosiKcoo compound containing C-H bonds and C-Si bonds, is deposited 
on a barrier Uyer 14. The first low k dielectric layer 10 preferably contains at least dwut 5% 
cariion by atomic weight or at teast about 1% hydrogen by atomic weight. A second tow k 
dielectric Uyer 12. such as spin on low k dielectrics (doped or undoped) or a CVD Uyer 
deposited by oxidation of an orgMOsilicon compoiind contains less than about two-thirds of 
the caibon and less than aboat one-fifti> of the hydrogen contained in the first dielectric Uyer 
10, prefetably less than one-half of the cartwn and less than ono^enth of the hydrogen. The 
dielectric layem 10, 12 are typicaUy deposited on a barrier Uyer U. such as silieon nitride or 
silicon carbide, that protects the dielectric layers fiom di£Bision of a conductive material 16 
such as copper filling a feature in a prior dielectric layer 1 8. The etch selectivity between the 
fim dielectric Uyei 10 and tije barrier Uyer 14 is at least 2: 1. A photoresist Uyer 20 or a hard 
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mask layer is deposited on the stack of dielectric layers 10, 12 to transfer a pattern thai is 
etched into the dielectric layers. The first dielectric layer 10 contains sufficient caibon or 
hydrogen to have an etch rate that is at least three times lower than the etch rate for the 
second dielectric layer 12 when etched with one or more fluorocaiison gases and substantially 
no carbon:oxygen gases. 

Methods for depositing the first and second dielectric layers 10. 12 to obian varying 
carbon and hydrogen contents is descnT>ed in more detail below. Deposition of low k 
dielectric layers having low carbon content (less than about 1% by atomic weight) and low 
hydrogen content (less than about 0.1% by atomic weight) can also be performed using 
convoitional processes for depositing silicon oxides, such as by oxidation of 
tetraetbyloithosilicate (TEOS), also known as tetraethoxysilane. 

The first dielectric layer 10 is preferably deposited to a thickness of about 5,000 to 
about 10,000 A- The second dielectric layer 12 is then deposited to a thickness of about 5,000 
to about 10.000 A. The dielectric layers 10, 12 can be deposited in the same chamber using 
the same reactants, such as methysilane or trimclhylsiloxanc, by varying flow rates and or 
power levels as described in examples bdow. When flic banier layer 14 is a silicon carbide 
layer, the barrier layer may also be deposited in the same chamber as the dielectric layers 
using Ibe same organosilicon oompoimd. 

Although the first dielectric layer could be etched prior to deposition of the second 
dielectric layer, it is preferred to deposit bodi dielectric layers prior to etching with gases that 
combine a fluorocarbon gas and a carbQn:oxygen gas. 

Referring to Fig. IB, the photoresist or hard mask 20 is patterned to define horizontal 
interconnects 22 to be etched in the second dielectric layer 12, As shown in an embodiment 
below, a pattern defining vertical interconnects could be used first. A typical photoresist for 
silicon oxide layers is '•RISTON,** manufactured by duPont dc Nemours Chemical Company. 
The photoresist is exposed to UV light to define the pattern and then portions of the 
photoresist are stripped away. A hard mask such as a silicon oxide layer containing caibon or 
hydrogen could be used below the photoresist and etched as described below after the pattern 
is developed in the photoresist. The photoresist or hard mask then provides the pattern that is 
transferred to the imderlying layers. 

Referring to Fig. IC, the horizontal interconnects 22 arc then etched into the second 
dielectric layer 12 using gases that combine one or more fluorocaibons without substantial 



(29) 



#M 2001-110789 



«.ounts of C3ri>on-.oxyge. gases. Etching of the dielectric layers to form borizor^ul 
interconnects is pi^ferably perfon^ed wth a mixture of gases including argon and ne or 
more gases selected ftom CF.. C.F^ and CF,. The photoresist 20 or other matcdaJ used to 
pattern the horizontal iaten:onnects 22 is then preferably stdpped uang an oxygen/hydiogen 
ashing process. e.g.. by combination of oxygen and anunonia gases, or by another suitable 
process. 

Referring to F.g. ID. a second resist layer 24 or hard made is deposited on the 
hori«mta! interconnecu 22 and a planar surface is provided for transfer of a pattern thai 
defines vertical interconnects 26. Th. photoresist is exposed to UV light to definethe pattern 
and then portions of the photoresist are removed to deHne the vertieal interconnects 26. The 
photoresist 24 or hard mask provides the pattern that U transferred to the underlying layers 
during subsequent etching. U the vertical inte«»nnects are etched first as described .n the 
next embodiment, then the second resist Uyer or hard mask would be used to define the 

horizontal interconnecU. 

Referring to Fig. IE. the first dielectric layer 10 and the barrier layer 14 arc then . 
etched to coniplete the vertieal inten»nnects 26 using gases that combine one or more 
fluorocaibons and a caibon:oxygcn gas. Etching of the di.tectric layers to form vertical 
interconnects is preferably performed with a mixture of gases inctoding argon. CO. and one 
or more gases selected from CF.. C,F.. and C4F,. Referring to Fig. IF. any photoresist or 
other material used to panmi the vertical interconnects 26 is preferably stripped usmg an 
oxygenA^ydrogen ashing process, e.g.. by combination of oxygen and ammonia gases, or by 

another suitable process. 

Referring to Fig- IG. a suitable hairier Uyer 28 such as tantalum nitride is first 
deposited conformally in the horizomal and vertical interconnects 22. 26 to prevent metal 
migration into the surrounding silicon and/or dielectric materials. Referring to Fig. IH. the 
horizontal and vertical intercomiects 22, 26 ^ then filled with a conductive material 30 such 
as aluminum, copper, tungsten or combinations thereof. Presently, the trer-i is to use copper 
to form the smaller features due to the low resistivity of copper (L7 mW-cm compared to 3.1 
mW-cm for aluminum). Copper is deposited using either chemical vapor deposition, physical 
vapor deposition, elec.roplari^g. or combinations thereof to form the conductive stmcture. 
Once the stn^ture has been filled with copper or other metd. the surfiu* is ph«««^ 

chemical mechanical polishing, as shown in Fig. IH. 
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In an allcmativc cmbodiincnU the first dielectric layer 10 in Figs. lA-lH could be 
deposited on an initial silicon oxide layer (not shown), such as obtained by xidation of 
TEOS. when the etch selectivity between the first dielectric layer 10 and the barrier layer 14 
is less than 2:1, such as when the barrier layer 14 is silicon nitride and the dielectric layer 
contains more than 5% carbon by atomic weight or more than 1% hydrogen by atomic 
wcigbt. The inittal dielectric layer is selected to have an etch selectivity of at least 2:1 with 
respect to the barrier layer 14 so that the vertical interconnects 26 can be fiilly etched before 
the barrier layer is totally removed from some of the vertical interconnects. The initial oxide 
layer would preferably have a ihiclcness of &cm about 1,000 A to about 3,000 A to provide 
lime for the vertical interconnects to be completed to the barrier teyer. 

A Second Preferred Dual Damascene Process 

Another prcfencd dual damascene process shown in Figs. 2A-2H replaces a 
conventional etch stop layer with a low Ic dielectric layer that functions as an etch stop layer 
40 between two low k dielectric layers 42, 44. The dielectric layers 42, 44 have an etch rate 
that is at least three times sieater tfian the etch laic of the etch stop layer 40 when the etch 
gases contain fhioiocarfoon gases and substantially no caibon:oxygen compounds. Preferably, 
tiie dielectric Uycrs and the etch stop layer have similar composllioos except tiiat the etch 
stop layer has higher amounts of caibon or hydrogen. 

Referring to Fig. 2A, a first low k dielectric layer 42 and a third low k dielectric layer 
44 contain k)w amounts of carbon and hydrogen, such as spin on low k dielectrics (doped or 
undoped) or a CVD layer deposited by oxidation of an organosilicon compound. A second 
low k dielectric layer 40, the etch stop layer, contains relatively high amounts of Caibon or 
hydrogen, such as spin on tow k dielectrics (doped) or a CVD layer deposited by oxidation of 
an organosilicon compound having C-H bonds and C-Si bonds. The second low k dielectric 
layer 40 preferably contains at least about 5% carbon by atomic weight or at least about 1% 
hydrogen by atomic w«ght. The first and third low k dielectric \sym 42. 44 contain less than 
two-thirds of the carbon or less than one-fiffli of the hydrogen contained in the second 
dielectric layer 40, preferably less than one-half of the caibon and less than one^tenth of the 
hydrogen. The dielectric layers 42. 40. 44 are typically deposited on a barrier layer 46, such 
as silicon nitride or silicon carbide, that protects a conductive material 48 such as copper 
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filling a feature in a lower dielectric layer 50. The etch selectivity of the first dielectric layer 
42 and the barrier layer 14 is at least 2:L 

A photoresist layer or a hard mask layer 52 is deposited on the stack of dielectric 
layers 40, 42, 44 to transfer a pauem that is etched into the didectric layers. The etch stop 
layer 40 preferably contains sufficient carbon or hydrogen to have an etch rate that is at least 
three times lower than the etch rate for the first and third dielectric layers 42, 44 when the 
etch gases do not contain substantial amounts of a carbonroxygen gas. Deposition of the 
dielectric laycis to have varying carbon and hydrogen contents is described id more deuil 
below. 

The first and third dielectric layers 42, 44 are preferably deposited to a thickness of 
about 5.000 to abom 10,000 A. The etch stop layer 40 is preferably deposited to a thickness 
of about 500 to about 1,000 A. The first and third dielectric layers 42, 44 and the etch stop 
layer 40 can be deposited in the same chamber using the same reactams by varying flow rates 
and or power levels as described in examples below. When the barrier layer 46 is a silicon 
carbide layer, the barrier layer may also be deposited in the same chamber as the dielectric 
layers. 

Referring to Fig. 2B, the photoresist 52 hard mask is then patterned to define vcrtica! 
interconnects 54 to be etched in the first and third low k dielectric layers 42, 44 and the etch 
stop layer 40. As shown in the first embodiment above, a pattern defining horizontal 
interconnects could be used first A typical photoresist for silicon oxide layers is "TUSTON/ 
manufactured by duPont de Nemours Chemical Company. The photoresist is exposed to UV 
light to define the pattern and then portions of the photoresist are stripped away. A hard mask 
such as a silicon oxide layer containing caibon or hydrogen could be used bdow the 
photoresist and etched as described below after the pattern is developed tn the photoresist 
The photoresist or hard mask then provides the pattern that is transferred to the underlying 
layers. 

Referring to Fig. 2C, the vertical interconnects 54 are then etched into the first and 
third low k dielectric layers 42, 44, the low k etch stop layer 40, and the barrier layer 46 using 
gases that combine flucnrocaitans and caxbonroxygen gases. Etching of the dielectric layers to 
form vertical interconnects is pnrfcrably performed with a mixture of gases including aigon. 
CO, and one or more gases selected from CF*. CjF^, and C4F». Any photoresist 52 or other 
material used to pattem the vertical interconnects 54 is prefwably stripped using an 
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oxygcn/hydrogcn ashing piwcss. e.g., by combination of oxygen and ammonia gases, or by 
another suitable process if necessary. 

Referring to Fig. 2D» a second resist layer 55 or hard mask is deposited and then 
patterned to define the horizontal interconnects 56. The photoresist is exposed to UV light to 
define the pattwn and then portions of the photoresist are removed to define the horizontal 
interconnects 56. If the horizontal interconnects were etched first, a second resist layer or 
hard mask would be used to define the vertical interconnects as previously described for the 
first cmbodiemnt The photoresist could be left in the bottom of the vertical interconnects 54 
if desired to reduce etching of the underlying layer 48. 

Referring to Fig. 2E, the third dielectric layer 44 is tfien etched to complete the 
horizontal interconnects 56 using gases that include one or more fluorocarbons without 
substantial amounts of the caibonroxygen gases. Etching of the dielectric layers to form 
horizontal interconnects 56 is prcfiwably perfonned with a mixUue of gases selected from 
argon and one or more gases selected from CP*, CzF*. and C4FB, to provide a selectivity of at 
least 3:1 with respect to the etch stop layer 40. The carbon:oxygoi gas is reduced omitted to 
provide a lower etch rate for the etch stop layer 40. Referring to Fig. 2F, any photoresist or 
other material used to pattern the horizontal interconnects 56 is stripped prior to filling the 
horizontal and vertical interconnects 56, 54. The photoresist is preferably stripped using an 
oxygen/hydrogen ashing process, e.g.. by combination of cocygen and ammonia gases, or by 
another suitable process. 

Referrix^ to Fig. 2G, a suitable hairier layer 58 such as tantalum nitride is first 
deposited confonnally in the horizontal and vertical interconnects 56, 54 to prevent metal 
migration into the surrounding silicon and/or dielectric materials. Referring to Fig. 2a tiic 
horizontal and vertical interconnects 56, 54 are then filled with a conductive material 60 such 
as aluminum, copper, tungsten or combinations thereof as described for the first embodiment. 

Dqsending on the selccrivity of the etch processes, the horizontal or vertical 
interconnects can be etched after deposition of each dielectric layer. In the alternative, the 
etch stop layer could be etched prior to deposition of the third dielectric layer. HcwevCT, 
additional transfers of the sixbstrate between chambers is required to alternate between 
deposition and etching of the dielectric layers. 

In an altemative embodiment, the etch stop 40 in Figs. 2A-2H could be a siUcon 
nitride or silicon carbide layer deposited on a conventional dielectric layer 42 having a 



(33) 



i^ga 2001-110789 



dielectric cx>nstant greater than about 4.0. Thus, a low k didectnc layer 44 would enhance 
isolation of the horizontal interconnects 56 while the conventional dielectric layer 42 
adequately isolates the vertical interconnects 54. 

Deposition of Low k Dielectric Layers 

The present invention provides a dielectric layer having a low dielectric constant (k 
less than or equal to about 4.0) and having an etch rate at least 3 times lower than the etch 
rate for an adjacent low k dielectric layer under etch conditions suitable for forming 
horizontal interconnects in dielectric layers. Stich low k dielectric layers can be produced by 
spin on or CVD methods wherein silicon carbide layers or silicon oxide layers containing 
carbon and hydrogen are formed. Low k dielectric layers having varying etch rates can be 
produced in the same chamber by varying amounts of the process gases aa discussed in tiie 

following description. 

Preferred low k dielectric layers arc produced by oxidation of an organosilicon 
compound containing both C-H bonds and C-Si bonds, such as melhylsilane, CHjSiHj. 
dhncthylsilanc. (CHj^SiHa, trimethylsilane, (CH^hSiH. l.^^-tetrainethyWisiloxane. 
(CH3)2-SiH-0-SiH-(CH3)2. or trimethylsttoxane, {CH3)3-Si-0-Si-(CH3>3. The silicon oxide 
layers aitJ cured at low pressure and high temperature to stabilize properties. The carbon and 
hydrogen contents of the deposited dielectric layers is controlled by varying process 
conditions such as by changing to another organosilicon compound, by oxidation with a 
variety of oxidizing gases such as oxygen, ozone, nitrous oxide, and water, by varying RF 
power levels during deposition, and by changing flow rates of process gases. 

Carbon or hydrogen which remains in the silicon oxide or silicon carbide layers 
contributes to low dielectric constanU, good barrier properties, and reduced etch rates. The 
alicon oxide or silicon carbide layers aicf produced from silicon compounds that include 
carbon within organic groups that arc not readily removed by oxidation at processing 
conditions. Preferably C-H bonds are included, such as in alkyl or aryl groups. Suiuible 
organic groups also can include alkenyl and cyclohexenyl groups and functional derivatives. 
The organosiUcon compounds contain varying ratios of carbon to silicon and include: 



metbylsflane, 
dimethylstlane» 



CHj-SiHa 
{CH3)2-SiH2 
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ininciiiyisiiaDc, 


(CH3)3-SiH 


tretramethylsilanc. 




oiineiJiyisii^euiou 


(CH3)2-Si'(OH)2 


ethyl&ilane. 


CHi-CH>-SiHi 


phenylsilane, 


CfiHs-SiHj 


diphei:^lsilane. 




diphenylsilanedio]. 


fCJl3VSi-{OH)3 


methylphenylsilane. 


GsHi-SiHi-CHj 


disi1anomethaiie» 


SiHa-CH7-SiHi 


bis(meUiyistlano)metnane, 


CHi-SiH^-CHj-SiHi-CHi 


l^-disilanoetlume. 


^lf*3*V^xxy" w**2 **** ■'J 


1 ^*bis(metlkylsiuiiio)ctnane. 


CH,-SiH»*CHj»CH7-SiH7-CH3 


U-disilaiioprDpane, 




1 ,3y5-tnsuano-2y4,€>-ai]neLDyienBy 


-r-SiH^CH^'it- (cyclic) 


1 ,3-dimetbyidisilox2ne, 




1,13 ,3-tetranicthyldisiloxane. 


fm^V-^iH-O-SiH-CCHi)? 
^v^n3/2^«3ixi"^-'*ij*A*"^*-'* 


trimethybiloxane. 


fCHiW-Si-0-Si-(CHi>x 


1 ,3-bis(sUanoxnethylene)disiloxazie* 




(ns(l-me1hyldisi]oxanyl)inethane, 




2,2-bisC 1 '^ctfayldisiloxany lypropanc. 




2,4,6,8-tetramethylcyciotetrasi loxane. 


-/"-^iHCHi-O-Ia - fcvclic) 


ocUiin^ykyclotetrasi loxane. 


-(-Si(CH))2-0-)4- (cyclic) 


2,4,63,10-peataniethylcyclopentasiloxane» 


.(-SiHCH3-0-)5- (cyclic) 


l,3,5,7-tetrasilano-2,6-dioxy-4.8-dimelhylcnc. 


-(-SiHrCHz-SiH2-0.)2- (cyclic) 


2»4,6*trisilanetetrahydippyian, and 


-SiH2-CHrSiH2-CH2-SiH2-0- (cyclic) 


2,5-disilanetetrabydrofuraii. 


^SiH2-CH2-CH2-SiH2-0- (cyclic) 



and derivatives thereof. 

The or^ano siUcon compounds are preferably oxidized during deposition by reaction 
with oxygen (Oi) or oxygen containing con4>oiinds such as nilxous oxide (N2O), ozone (Oy\ 
caibon dioxide (COj), and water (H2O). preferably O2 or N2O. such that the carbon content of 
the deposited layer is at least 1 % by atomic weight and the hydrogen content of the deposited 
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layer is at least 0.1% by atomic weight. The oxidized organosilicon layer preferably has a 
dielectric constant of about 3.0 or less. The oxidized organosilicon layers provide low etch 
rates in comparison to the conventional silicon oxide compounds. 

The organosilicon compounds can also be deposited as silicon carbide layers by 
providing sufficient energy to dissociate the compounds. The siUcon carbide layers may 
contain tow amounts of oxygen to assist in varying rtch rates fiir the deposited layers. 

The hydrocarbon groups in die organosilanes and organosiloxanc may be partially 
fhwrinated to convert C-H bonds to C-F bonds. Many of the prefencd organosilanc and 
organosiloxane compounds are commercially available. A combination of two or more of the 
organosilanes or organosiloxancs can be employed to provide a blend of desired properties 
such as dielectric constant, oxide content, hydrophobicity, film stress, and plasma etching 
characteristics. 

OJorgen and oxygen containing compounds are prefiaably dissociated to increase 
reactivity when necessary to achieve a desired carbon content in the deposited layer. RF 
power can be coupled to the deposition chamber lo increase dissociation of the oxidizing 
compounds. Reduced amounts of oxygen or reduced dissociation of the oxygen results in 
hi^ carbon contents, especially higher amounts of C-H or Si-CHj bonds in comparison to 
Si-0 bonds. The oxidizing compounds m^ also he dissociated in a microwave chamber prior 
to entering the dq)osilion «Aamber to reduce excessive dissociation of the siUcon containing 
convoMnds. Depositbn of the siBcon oxide layer can be continuous or discontinuous. 
Altfiough deposition preferably occurs in a single deposition chamber, the layer can be 
deposited sequentially in two or more deposition chambers. Furthermore, RF power can be 
cydM or pulsed to reduce heating of the substrate and promote greater porosity in the 
deposited layer. During deposition of the siUcon oxide layer, fte substrate is maintained at a 
temperature of fiom about -aCC to about 40O''C. and prcfiaably is maintained at a 
temperature of approximately -2VC to 40'C. 

The oxidized organosilicon compounds adhere to contacted surfaces such as a 
patterned layer of a semiconductor substrate to foma a deposited layer. The deposited layers 
are cured at low pressure and al temperatures fiom about 100 to about 450»C, preferably 
above about 40O''C to stabilize the barrier properties of the layers. The deposited layer has 
sufficient hydrogen content to provide barrier properties. The carbon content preferably 
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includes C-H or C-F bonds lo provide a hydrophobic layer that is an excellent moisture 
barrier. 

The method of the present invention employs a substrate processing system having a 
vessel including a reaction zone, a cathode pedestal for positioning a substrate in the reaction 
zione, and a vacuum system. The processing system fimhcr comprises a gas/liquid distribution 
system connecting the reaction 2one of the vessel to supplies of an organosilane or 
oiganosiloxane compound, an oxidizing gas, and an inert gas. and an RF generator coupled to 
the gas distribution system for generating a plasma in the reaction zone. The processing 
system fimher comprises a controller comprising a computer for controlling the vessel, the 
gas distribution system, and the RF generator, and a memory coupled to the controller, the 
memory comprisiqg a computer usable medium comprising a computer readable program 
code for selecting the process steps of depositing a low dielectric constant layer with a 
plasma of an organosilane or organosilcxane compound and an oxidizing gas. 

Etching of the deposited silicon oxide layers can be performed in conventional etch 
chambers such as described in United States Patent No. 5.843,847, which description is 
incorporated by refercnoe herein. A prefoTed eidi chamber is tiie IPS chamber available from 
Applied Materials, Inc. of Santa Clara. Calif. The '847 patent further describes etching of 
dielectric layers, which description is also incorporated by rcfisrencc herein. 

Further description of the invention relates to specific apparatus for depositing and 
etching silicon oxide layers of the present invention and to preferred deposition and etch 
sequences for preparing dual damascene silicon oxide layers. 

Exemplary CVD Plasma Reactor and Process 

One suitable CVD plasma reactor in which a method of the preset invention can be 
carried out is shown in Fig. 3, which is a vertical, cross-section view of a parallel plate 
chemical vapor deposition reactor 110 having a higb vacuum r<^on 115. Reactor 110 
contains a gas distribution manifold 1 1 1 for dispersing process gases through perforated holes 
in the manifold to a substrate or wafer (not shown) that rests on a substrate support plate or 
susceptor 1 12 which is raised or lowered by a lift motor 114. A hquid injection system (not 
shown), such as typically used for liquid injection of TEOS. may also be provided for 
mjecting a liquid organosilane and/or organosiloxane compound. The preferred organosilanes 
are gases. 
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Thz reactor 110 includes heating of the process gases and substrate, such as by 
resistive heating coils (not shown) or external lamps (not shown). Referring to Fig. 3, 
susccptor 112 is mounted on a support stem 113 so that susccptor 112 (and the wafer 
supported on the upper surface of susccptor 1 12) can be contiollably moved between a lower 
loading/off-loading position and an upper processing position wrhich is closely adjacent to 
manifold 111. 

When susccptor 1 12 and the wafer are in processing position 1 14, they are surrounded 
by a an insulator 117 and process gases exhaust into a manifold 124. During processing, 
gases inlet to manifold 1 1 1 axe uniforaily distributed radially across the surface of the wafer. 
A vacuum pump 132 having a throttk valve controls the exhaust rate of gases from the 
chamber. 

Before reaching manifold 111, depoation and carrier gases are input through gas lines 
118 into a mixing system 119 where they are combined and then sent to manifold 111. An 
optional microwave applicator 128 can b« located on the iapM gas line for the oxidizing gas 
to provide additional energy that dissociates only the oxidizing gas. The microwave 
applicator provides ftom 0 to «000 W. Generally, the process gases supply line 1 18 for each 
of flie process gases also includes (i) safety shut-off valves (not shown) that can be used to 
automatically or manually shut off the flow of process gas into the chamber, and Cu) boss 
flow controllers (also not shown) that measure the flow of gas through the gas supply lines. 
When toxic gases arc used in the process, several safety shut-off valves are positioned on 
each gas supply line in conventional configurations. 

The deposition process performed in reactor 110 can be either a themial process or a 
plasma enhanced process, hi a plasma process, a controlled phisma is typically formed 
adjacent to the wafer by RF ener^ applied to distribution manifold 111 from RF power 
supply 125 (with susccptor 112 grounded). Alternatively. RF power can be provided to the 
susccptor 112 or RF power can be provided to difiFetent components at different frequencies. 
RF power supply 125 can supply either single or mixed frequency RF power lo enhance the 
decomposition of reactive species introduced into the high vacuum region 115. A mixed 
frequency RF power supply typically supplies power at a high RF frequency (RFl) of 13.56 
MHz to the distribution manifold 11 1 and at a tow RF frequency (RF2) of 360 KHz to the 
susccptor 112. m silicon oxide layers of the presem invention are most preferably produced 
using low levels of constant high frequency RF power or pulsed levels of high frequency RF 
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power. Pulsed RF power preferably provides 13.56 MHz RF power at about 20W to about 
500W. most preferably ftom 20W to about 250W. during about 10% to about 30% of the 
duty cycle. Constant RF pow« preferably provides 13.56 MHz RF power at about lOW to 
about 200W. preferably fiom about 20W to about lOOW. Low power deposition preferably 
occurs at a temperature range fiom about -20«C to about 40°C. At the preferred temperature 
range, the dqjosited layer is partially polymerized during deposition and polymerization is 
completed during subsequent curing of the layer. 

For deposition of sificon carbide layers, the reaction occuis wi&out a subaartial 
source of oxygen introduced into the reaction zone. Preferably, the 13.56 MHz RF power 
source applies about 300 to 700 watte with a power density of about 4.3 to 10 watts/cm* to 
the anode and cathode to form the plasma in the chamber with the organosilicon compound. 
The substrate surface temperature is maintained between about 200° to 400° C, during the 
deposition of the SiC. For a more optimal, designated "most pieferred," process regime, 
trimethylsilane or methylsilane flow rate is about 50 to 200 seem, heUum or argon flow rate 
to about 200 to 1000 socm. the chamber pressure is from about 6 to about 10 Toir, the RF 
power is from about 400 to about 600 watts wifli a power densiQr of about 5.7 to 8.6 
watts/on', and the substrate sur^ temperature maintained between about 30{f to 400" C. 

Typically, any or all of the chamber lioisg. distribution manifold 1 1 1. susceptor 1 12, 
and various other reactor hardware is made out of material such as aluminum or anodized 
alumimim. An example of such a CVD reactor is described in VS. Patent 5,000.1 13. entitled 
A Thermal CVD/PECVD Reactor and Use for Thermal Chemical Vapor Deposition of 
SUicon Dioxide and Jn-situ Multi-step Planarized Process, issued to Wang et al. and assigned 
to Applied Materials, toe. the assignee of the present invention. 

The lifl motor 114 raises and lowers snscqstor 112 between a processing position and 
a lower, wafer-loading position. The motor, the gas mixing system 119. and the RF power 
suj^Iy 125 are contreUed by a system controller 134 over control lines 136. The reactor 
includes analog assemblies, such as mass flow controllers (MFCs) and standard or pulsed RF 
generators, that are controUed by the system controller 134 which executes system control 
software stored in a memory 138, which in the prafeirwi embodiment is a hard disk drive. 
Motors and optical sensors arc used to move and determine the position of movable 
mechanical assembUes such as the thtotUe valve of the vacuum pump 132 and motor for 
positioning the susceptor 1 12. 
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The above CVD system description is mainly for illustrative puiposes. and other 
plasma CVD equipment such as electrode cyclotron resonance (ECR) plasm CVD devices, 
indmioi^coupled RF high density plasm CVD devices, or the like may be employed. 
Additionally, variations of the above described system such as variations in susceptor design, 
heater design, location of RF power connections and others are possible. For example, the 
wafer could be supported and heated by a lesistively heated susceptor. The pretreatment and 
method for forming a pretreatcd layer of the present invention is not limited to any specific 
aijparatus or to any ^ific plasma excitation roetbod. 

The etch rate of low k dielectrics deposited in the processing chamber is contioUwl by 
adjusting the process gas flow ntes and itactor power levels to deposit dielectric layers 
having desired carbon and hydrogen contcnU. The relative ratios of Si-CH,, Si-H. or C-H 
bonds to the mmiber of Si-0 bonds for preferred dielectric layers A-D described in Table I 
are shown in Fig. 4. Based on atomic analysis of layer D. the estimated hydmgen and carbon 
contents of layers A-D are shown in Table 1 as atomic weight pcicent. In Fig. 4. A-C 
represent methyUilane flowralesof34sccmandDbaftowiateof68sccm.AandDareat 
power levels of 80 W. B is apower lerwel of 300 W. and C is a power levd of 20 W. The 
remaining conditions for depositing layers A-D are shown b Tabk 1. Table 1 and Fig. 4 
demonstrate the variability in the hydrogen and carton content based on changes in process 
conditions, which is an aspect of the present invention. The variation in carbon or hydrogen 
content is then used to provide selective etching of the layer having lower carbon content or 
lower hydrogpn content as discussed in more detail below. 

Table 1. Process ConditiMis far Varying Carbon and Hydrogen Contents 
Recipe 

Methysilane (seem) 
N2O (seem) 
He (seem) 
Power (W) 
Spacing (mils) 
Pressure (toir) 
Est. C, atomic wt% 
Est. H21 atomic wt^ii 



A 


B 


C 


D 


34 


34 


34 


68 


360 


360 


360 


360 


2000 


2000 


2000 


2000 


80 


300 


20 


80 


320 


320 


320 


320 


3.0 


3.0 


3.0 


3.0 


8 


5 


9,5 


10,5 


5 


0.3 


23 


3 
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FrTtfn p '^ n ^ ^^''^ Proce^^tS Chamber 

A preferred etch process for dielectric layers is described ia United States Patent N . 
5.843,847, issued December 1, 1998, which description is incorporated by reference herein. 
In the preferred process, etching of sidcwalls in vertical and horizontal interconnects is 
controlled by formalion of passivaiing deposits that condense on the sidcwalls and reduce 
etching of the sidcwaUs. The etch gases mclude fluorocarbon gases and carbon-oxygen gases 
combined ia amounts that provide either high selectivity or low selectivity depending on ttic 
amount of the carbon:oxygen gas. The etch compositions also provide low micioloading 
which is a roeasmc of Ac difference in etch rate for large and small sized features. 

In order to provide highly selective etching and reduced microloading for silicon 
oxide layers that contain hydrogen and carbon, it was discovered that the caibon:oxygen 
gases actually assisted in removing excessive passivating compounds that built up on the 
surfaces of etched features from the cari>on or the hydrogen released fiom the dielectric layer. 
The excessive passivating layer on the surfaces of the etched features limits etching of the 
sidewalls when carbon:oxygen gases are included in the etch gases, and reduction of the 
passivating layer surprisingly occurs by lowering or stopping the flow of the carbon:oxygen 
gas. 

Fig. 5 illustrates an inductively coupled RF plasma etch chamber having a single 
wafer processing chamber 140, such as for example, an IPS ETCH chamber* commercially 
available from Applied Materials Inc.. Santa Clara, California. Hie particular embodiment of 
the etch chamber shown herein is provided only to ilhwtiBle Ac invention, and should not be 
used to limit the scope of the invention. Other inductively coupled chambers can he used to 
etch the dielectric layers, such as a Dielecslric Etch hlxP+ diamber, also commercially 
available from Applied Materials. The dielectric layers can also be etched in parallel plate 
plasma chambers. 

The etch chamber shown in Fig. 5 is typically evacuated to a pressure of less than 
about 150 mTon, and a substrate is transferred to the processing chamber 140. A plasma is 
generated in the processing chamber by dual solenoid coils 142. 190 having windings 144, 
192 that are concentrated in a non-planar fashion around an axis of symmetry 146 that 
coincides with the center of the processing chamber 140, Other coil configuiitions. such as 
an optional coil 194, would be evident to persons skilled in the art 
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The processing chamber 140 is surrounded by a cylindrical side wall 150 and a ceiling 
152. A pedestal 154 at the bottom of the processing region 140 supports the substrate 156. 
TTie processing chamber 140 is evacuated through an annular passage 158 to a ptunping 
annulus 160 simoundhig the lower portion of the processing chamber 140. The interior of the 
annulus 160 is preferably lined with a replaceable liner 160A. The annular passage 158 is 
defined by the bottom edge 150A of the side waU 150 and a disposable ting 162 that 
surrounds the pedestal 1 54. Process gas is provided flirough one or more gas feeds 1 64 A-C. 

The central solenoid coil 142 is wound around a housing 166 snnouhding a center 
radiant heater 172. A first plasma source RF power supply 168 is connected to the imier coU 
142 and a second power supply 196 is connected to the outer coil 190. In the alternative, a 
single power sapply 197 A could be connected to bo& eoUs using a splitter 196. A bias power 
supply 170 is connected to the pedestal 154. Additional radiant heaters 172 such as halogen 
lamps arc mounted in unoccupied regions of the ceiling and a cooling plate 174 having 
coolant passages 174A rests above the ceiling. A torus 175 holds the cooling plate 174 above 
the chamber ceiling 152. Plural axial holes 175A extend through the tonis 175 for mounting 
the heaters or lamps 172. The ceiUng temperature is sensed by a thermocouple 176. For good 
thermal contact, a thermally conductive material 173 is placed between the torus 1 75 and fte 
chamber ceiBng 152. and between the torus 175 and the cold plate 174. 

Radiant heaters 177 such as tungsten halogen lamps are positioned below the 
disposable ring 162 to heat the ting through a window 178. The tempeniture of the ring 162 is 
OontioUed using a temperature sensor 179 that may extend into a hole 162A in the ring 162. 

Plasma confinement magnets 180, 182 are provided adjacent to the amndar opening 
158 to prevent or reduce plasma flow into the pumping annuhis 160. The replaceable liner 
160A is preferably cooled to a temperahire that collectt any active monomer or specie that 
enten the annulus 160. A wafer slit 184 in a wall of the pumping annulus 160 accommodates 
wafer ingress and egress. 

The etching process of the present invention provides high etch rates and highly 
selective etching of the dielectric layc« on the substrate. Hie process gas used in the etching 
process comprises (i) fluorocaibon gas for etching the dietectric Uyer and formmg" 
passivating deposits on the substrate, (ii) caibon-oxygen gas for reducing formation of 
passivadng deposits, and (iii) argon or mtrogen^taintog gas for removing the passivating 
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^ . „f ti,«e cases and preferred volumetric flow ratios of 
deposits on the substrate. The nature of these gases an k 

the gases will now be described. 

The fluorocarbon gas is capable of forming fluorine-containiag species that etch the 
d^lectric layer on the substrate. For exa«,ple. a silicon dioxide Uycr is etched by fluonne 
contaiiung ions and neutraU to fonn volatile SiF. species that are exhausted from the 
processing chamber 140. Suitable fluorocaibon gases include carboc^ fluorine, and optionally 
hydrogen, such as for example. CF3. CF.. CH,F. CHF,. CH,F,. C,H.Fe, C^Y^ C,F,. C*F.. 
C,HF5 and C*F,o. U is beUeved. in general the absence of hydrogen in the process gas 
provide increased amounts of free caHxm and CP: tadicals that result in anisotropic etching 
and increased etching selectivity. Preferred gases inchide CF*. CiF*. and C4FS. 

Tbe carbon:oxygen gas is t«ed to provide etch selectivity when desired by contiolhng 
formation and removal of caAon^ontaining .pedes that (orm passivating deposiu on the 
substrate. In addition, the carbontoxygen gas chances the fomiaiion of free oxygen species 
Aat react with other species to reduce the formation of polymers that deposit on the surf^ 
of the etched features as passivating deposits. For example. CF, radicals polymery to fomi 
polymers that deposits on the sidewnlls of the freshly etched features as a passivatmg deposrt 
that improve, vertical anisotropic etching. For theae reasons, the flow rate of caibon-oxygen 
gas is substantiany reduced or eliminated to provide sufficient Quoti»><ontaining species to 
nvidly etch the dielectric laye« while providing high dielectric to underlayer etchmg 
selectivity, and anisotropic etching. Suitable caibonzoxygen gases include for example. CO. 
HCOOH. HCHO. and CO, of which CO is preferred. Oxygen may also be added to m 
removing excessive passivating deposits that fbnn on the »dewalls of viaa and trenches. 

It is beUeved the oxygen containing gases react with some of the CF, radicals to form 

volatile r«Ucal» which are exhausted from the processing chamber 140. A resultant increase 
in oxygen species al the sur««;e of the specie or m the plasma zone rcacls with free caxbon to 
„:d«ce the amount of passivating deposits formed on the substrate, and prevent deposition of 
excessively diick passivating deposit layeni that can stop the etching process. 

For selective etching, the volumcihc flow ratio of fluomcaAon/caAontoxygea gases 
is selected ,0 the rate of formation of passivating deposits on the sorfece. of the freshly 
etdied features is different for the different low k dielectric materials. For the dielcctnc 
„^ having the i«tcr etch rate, the rate of fomiation of passivating deposits is 
.pp^ximately «|ual to the rale of removd of the passivating deposits. For .he low dielecmc 
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naaierial having the slower etch rate, the rate of formation of pa^ivattng deposiu exceeds *e 
«te of removal of .he passivating dcposiu. This provides high etching selectivity rados. for 
example, an etching selectivity ratio of at least about 3:1. while simultaneously etching the 
dielectric layer at a high etch lale of at least about 400 nm/min. and more typically fit,m 600 
to 900 nm/min. with reduced etch rate microloading. When the substrate comprises an 
underlayer of ma«^al below the dielectric layer, such as sificon nitride or silicon carb.de. the 
volumetric flow ratio of fluorocarbon/caibo^oxygen gas can be tafloied to increase etchmg 
selectivity ratios for specific combinations of materials, such as for exaniple. the etchmg 
selectivity of etching dielectric to resist, diflosion barrier laye«, or anti^flective Uyers. The 
volumetric flow ratio of noo«)caibOn^caibon:oxygei. containing gas can also be adjusted so 
that the sidfiwalls of the etched feamres have smooth surfaces that form angles of at least 
Aout 87 degrees with the surface of the dielectric layer on the substrate. The volumetnc flow 
ratios can be tailored for different combinations of materials, and feamre geomeny. such as 
feamre aspect mtios, to achieve specific etching selectivities. etch rate miaoloading. or etch 
rates without deviating from the scope of the present invention. 

Preferably, inert gas is added to the process gas to frm ionized sputtering species that 
sputter-off the passivating deposits on the sidewalk of the fteshly etched features. TTie inert 
gas also ionizes to form ionized metastable states that enhance dissociation of the process 
gas Thus, it is also desirable for the inert gas to have a wide range of excitation energies, so 
that energy transfer reactions which promote dissociation of the process gas can occur 
between the excited inert gas and the process gas. S,ii«U.1e inert gases include argon, heUmn, 
neon, xenon, and krypton, of which argon is preferred. Sufficient ineri gas is added to the 
process gas to «isist in sputtering the passivating dcposiU off the substrate, and to enhance 
disassociauon of the process gas. However, excessive Bow of mert gas causes excessive 
sputtering of the resist on the substrate, resultirig in resist faceting, etching of the dielectnc 
layer underlying the resist, and high profile mictoloading. 

Preferred compositions of process gases, suitable fof etching carbon conlammg 
siUcon oxide layers, comprise a mixture of gases including argoa CO. «k1 one or more gases 
selected from CF. CF», and QF.. For the volume of .he processing chamber descnbed 
herein, (i) a suitable flow rate of CF. is 6om about 0 to about 80 seem, and more preferably 
fiom about 20 to about 60 seem; (ii) a sm«*le flow rate of OF. is from about 0 to about 40 
seem, and more preferably ftom about 5 to about 30 seem; (iu) a suitable flow rate of CO u. 
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J ~ .,r..rprablv from about 20 to about 150 seem; and 
ftom about 0 10 about 200 seem, and more preferably iron. 

(iv) a suitable fl.w r.^c of argon is from about 50 to about 400 seem, and more preferably 
from about 100 to about 300 sccm. Beeausc actual flow rates arc dependent upon the volume 
ofthechamberl40.theinven.ionsho«ldnotbelimited.o.heflowratesrecitedherem. 

For etching of vcrticd inte«onnecl5 in the preferred dielectric layers on an 8 mch 
subsaate. the eteh gases pn^fferably comprise ficm about 10 scorn to about 80 seem of one or 
^ fluorocarbon gases and fiom about 100 seem to about 200 seem of a carbon:oKyB^ 
^. During etching of the vertical inten:onnects. a mixtun, of fluorocarbon gases is prefers! 
so that passivating deposits can be controlled by varying the relative ^nounts of specfic 
fluorocarbon gases in addition to varying the relative amounts of .he fluorocarbon gases and 
earban:oxygen gases, ^preferred carder gas is from about 100 seem to about 300 seem of 



argoa 



Fox etching of bori«.ntal interconnects in the preferred dielectric layers on an 8 mch 
substrate, the etch gases preferably comprise from about 5 seem to about 80 seem of one or 
«orc fluorocaAon gases and less than about 5 seem of a carbon.oxygen gas. Dun«g etchmg 
of the horizontal mt«««««s. a mixture of fluorocarbon gases can also be used to control 
passivating although passivadng deposits a« readily contmUed by adjusting the flowrate of 
the fluorocarbon gases. A preferred carrier gas is ftom about 100 seem to about 300 seem of 



argon 



The etching pn>cess of the present invention provides non-selcetive or selective 
etching of dielectric layers containing carbon without sacrificing etch rate mieroloadmg and 
dielectric etching rates. By etching seleedvity rado. it is me«.t the r-io of the rate of etchmg 
of the dielectric layer to the rate of etching of adjacent layers of other materials, that mclude 
the underlying anti-reflective. diflusion barrier, silicon nitride, or silicon carb.de, and 
overlying resist layers. The combirution of the high etch rates, lov, microloading. and h.gh 
etching selectivity is obtained by balancing the rate of deposition and removal of pasaivatron 
species from the substrate, and by oomrolUng the amount of fluorine<omaining spea« 
available for etching the dielectric layer. AVhile exc=sivc passivating deposits «duce overall 
dielectric etch rates and increase etch rale microloading. suppression of the depoafon or 
formation of polymer typicaOy reduces etching selectivity. 

Tie invention is fimher described by the following examples which are no. mtended 
to limit the scope of the claimed invention. 
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EXAMPLE 1 

A first oxidized methylsilane lay« is deposited on an 8 inch silicon substrate placed 
in a DxZ chamber, mailable from Applied Materials. Inc., « a chamber pressure of 3.0 Torr 
a.d temperature of 1 5«C fiom reactive gases which are flowed into the ..actor as Mows: 

Mcthybitone. CHrSiH,, at ^4 seem 

. . „ 360 sccra 

Nitrous oxide, N]0. at 

„ . 20OO seem. 

Helium. He, at 

The substrate is positioned 320 mil fiom the gas disml^tion showe*ead and 300W of high 
frequency RF power (13 MHz) is applied to the showerhead for plasma enhanced depositton 
of a fim oxidized methylsihme layer contaitung about 5% carbon by atomic weight and about 
0 3% hydrogen by «o«ic weight, the first iay«r having a thictaess of at least 5.000 A. Ttcn 
the flow of methylsilane u increased to 68 scorn and a second oxidized methylsilane layer 
contaiiring about 10.5% carbon by atomic weight and about 3% hydrogen by aiomic wetght .a 
deposited at a power level of SOW, the second layer having a thickness of least 1000 A. 
TT.en the flow of melhysilanc is decreased to 34 seem and deposition of a thiid oxidized 
methylsilane layer coutaining about 5% e«bon and 03% hydrogen is deposited at a power 
level of 300W. the l^having a thickness of at least. 5000 A. The deposited didectnc layers 
an, ften cured at 40(yC to remove rcmaimng moisture and the substrate is transferred for 

etching of a dual damascene structure. .otc-rnvt « 

In a conventional photoUthographic process, a photoresist, such as RISTON. 
manufactured by duPont de Nemours Chemical Company, is appUed on the third o«d.zed 
metl«rUaanelayertoathickne«ofabo«t0.4toabou.l3mic«m.and.heviastobeetchedm 

thedielectricUyersaredefinedbyexposingthe^sisttoaparternoflightthr^ulsha^^ 
conesponds to the desired ccnfigurution of features. The dielectric layers below the 
U^cd portions of the resist are etched in an IPS ETCH chamber, available from Apphed 
Matoials Inc.. using the foUowing amounts of process gases: 

20 seem 

C^Fi. at 

40 seem 

CF4.at 

ISO seem 

CO. at 

2S0 seem. 

Argon At, at 
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The patterned substrate was placed on the cathode pedestal of the etch chamber, and the 
chamber was maintained at a pressure of about 30 mTorr. A plasma was generated by 
applying a Rf voltage to the dual solenoid coil at a power level of about 2000 Watts. A bias 
power of 1000 Watts was applied to the cathode pedestal. The substrate was cooled or heated 
to -10 *C using a flow of backside helium to maintain a thm layer of passivating deposits on 
the sidewalls of freshly etched feaUircs. The etching process was pcrfianned for a sufficient 
time to etch vias in the third oxidized methylsilane layer. Then etching of the via continued 
through the second oxidized methylsilane layer at 30 mToir with the following gas flows: 

C4FS. at 
CF4.at 
CO, at 
Argon Ar, at 

The etching process was pcrfonncd for a sufficient time to etch through the second oxidized 
methylsilane layer. Then etdiing continued through the first oxidized mcthysilane layer at 30 
mTorr with the following gas flows: 



Osccm 
60 seem 
150 seem 
250 seem. 



C4F8, at 20 seem 

CF4,at 40 seem 

CO. at 150 seem 

Argon At. at 250 seem. 

The etching process was performed for a sufficient tmie to etch through the first oxidized 
metfaysilane Uyer. Then over-etching was performed with the following changes in flow 
rates: 



C4F8, at 
CF4,at 
CO. at 
Argon Ar, at 



20 seem 
40 seem 
100 seem 
250 seem. 
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3t a dual solenoid power level of 1600 W and a 
The overetching process was peifonned at a ouai soBaw f 

cathode pedestal power level of 1000 W for a sufficient time to complete all vias through the 

first oxidized methysilane layer. 

SEM photos of the etched walfefs were used to measure (i) the dielectric elch rate, (ii) 
the etching selecUvity ratio of the dielectric etching to photoresist etching, (iii) etch rate 
uniformity, and (iv) the % etch rate microloading. Results are shown below for the via etch 
steps. Etch rates were calculated by measuring the depth of the feahaes etd«d in the 
substrates. The etching seleaivity ratio was calculated from the ratio of the itch r«te ofihe 
dielectric Uyeis 20 to the etch rate of the photoresist fc^er. TT« etch rate unifonnity was 
calculated using at least 15 different measured points. The % etch rate microloading U a 
measure of the diffcreacc in etch rates obtained when etching feanires having different sizes 
on the substrates, to the examples below, percent etch rate microloading was measured for 
large holes having dianicten. of about 0.5 microns and small holes having diameters of about 
0.25 microns, the etch rates bemg averaged for the center and peripheral edge of the 
substrates. 

The old photoresist is then stripped by an oxygen plasma and a photoresist is re- 
appUed and patterned to define horizonul interconnects such as trenches. The dielectric layer 
below the unexposed portions of the resist are selectively etched down to the etch stop layer 
in the IPS ETCH chamber, using the following amounts of process gases at a chamber 
pressure of 7 mTorr: 

r'T ». 19sccm 
C4Fg, at 

CF4.at osccm 
CO. at 0*="^ 

Argon Ax. at '00 seem. 

A plasma was generated by applying a RF voltage to the dual solenoid coib having a power 
level of about 1400 Wads. The cathode pedestal power level was set at 1500 Watts. The 
substrate was cooled or heated to +10 'C using a flow of backside helium to maintain a thin 
layer of passivating deposits on the sidewalls of freshly etched features. The etching process 
was perfonned for a sufficient time to etch all trenches through the third oxidized 
m^ylsilane layer. 
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„^»,.c rniild Start at a higher pressure such as 20 

As an alternative, etching of the trenches coulo sum k 

u . « A«/ „„i inneasine DOwer to the solenoid coik by about 
mTon by increasing gas flows about 50% and increasing po 

lOOOW then etch conditions could be ahered to a lower pressure such as 7 mTorr for less 
aggressive etching of the trench to ensure stopping on the second oxidized methysi.an. layer. 

SEM photos of the etched wafers were again used to measure the etch performance 
and results are shown below for each of the etch steps. 

Table 2. Eteb Performsnce for Exanqile 1 

Via-lst Via 2nd Via-3rd OE Trench 
EtchRat^AMin 750 IfO 750 1.700 2,400 

SSS ^^'-'^ ^'^^^ 



|i-loading 



.% 10% 



.% 10% 



EXAMPLE 2 

The preceding example deposits the dielectric laym in a single chamber by varying 
only the flow of the silicon compound and the power level. This example modifies the first 
cxamplebyreplacingmethyisilanewithTEOSforthefi^dielectricUyerasfbllows. 

A first oxidized TEOS layer is deposited on an 8 inch silicon substrate placed ui a 
DxZ chamber, available fiom AppUed Materials, Inc., at a chamber pressure of 3.0 Torr and 
temperawre of 350»C from reactive gases which are flowed mto the reactor as follows: 

TEOS, (CH,-CHi^).-Si. at ^ ««« 

^ . 360 seem 

Oxygen, Oj, at 

HeUum.He..t ^OOOsccm. 

The substrate is positioned 320 mil from the gas distribution showerhead and 750W of high 
^ucncyBPpower(13MHz)is applied to the sbowerhe^l ^ plasma enh^ depo^t.«, 
of a siUcon oxide layer containing less than l%c«bonby atomic weight «d less^an 0 l/o 
hydrogen by atomic weight, the layer having a thidmess of at least 5000 A. d^Uon 
of second and third dielecmc layers then co-finue. using methysiUme as descnbed lor 
Example 1. 
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Etching of a dual damascene stnicture is prtfonncd as described in Example 1 except 
that the etch conditions for fonning vertical interconnects in the deposited TEOS layer and 
{or an overetch of the vertical interconnects are as follows: 

C4F,,at ^^"^ 

C,F6.at 20 seem 

CO, at Osccm 

Argon At. at 350 seem. 

During etching of the lower siKcon oxide Uyer and the over^tching of the vertical 
inteiconnects. a plasma is generated by applying 2200 W of RF power to the dual solenoid 
coils and 1400 W of RF power to the bias electrode. The substrate is cooled or heated to -10 
«C using 8 flow of backside hdiura to maintain a thin layer of passivating deposits on the 
sidewalls of freshly etched features. 

While the foi«going is directed to prefared embodiments of the present invention, 
other and fiirther embodiments of the invention may be devised without departing from the 
basic scope thereof, and the scope fiiereof is determined by the claims which follow. 

4 Brief DeKt ip' icn ci DraTinS? 
So that the maimer in which the above recited features, advanUges and objects of the 
present invention are attained and can be understood in detaiU a more particular description 
of the invention, briefly summarized above, may be had by inference to the embodiments 
tiiereof which are illustrated in the expended drawings. 

It is to be noted, however, ihai the appended drawings ilhistrate only typical 
embodiments of this invention and are therefore not to be considensd Imriting of its scope, for 
the invention may admit to other equally effective embodiments. 

Figs. lA-lH are cross sectional views showing a first embodiment of a dual 
damascene deposition sequence of die present invention; 

Figs. 2A-2H are cross sectional views showing a second embodiment of a dual 
damascene deposition sequence of the present invention; 

Fig. 3 is a ciDSs-scctional diagram of an exemplaiy CVD plasma reactor configured 
for use according to the present invention; 

Fig. 4 show the relative amounts of carbon and hydrogai in four low k dielectric 
compositions that contain silicon, oxygen, caifoon. and hydrogen; and 

Fig. 5 is a schematic view in vertical ciosft-section of an etdi process chamber 
suitable for practicing the etching process of the present invention. 

For a ftrther understanding of the present invention, reference should be made to the 
ensuing detailed description. 
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Fig. 2 A 
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Fig. 2E 
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A method of deposidng and etching dielectric layers having low dielectric constants , 
and etch rates that vary by at least 3: 1 fbr fonnatioD of horizontal interconnects. The amount 
of carbon or hydrogen in the dielectric layer is varied by changes in deposition conditions to 
provide low k dielectric layers that can replace etcfa stop layers or conventional dielectric 
layers in damascene applications. A dual damascene structure having two or more dielectric 
layers with dielectric constants lower than about 4 can be deposited in a single reactor and 
then etched to fom vertical and horizontal intercoimects by varying the concentration of a 
carboncoxygen gas such as carbon monoxide; The etch gases for forming vertical 
intcrcotmects preferably comprises CO and a fluorocarbon, end CO is preferably excluded 
from etch gases for forming horizontal interconnecU. 



2 RepreseHiti^e Drawiftg 
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